Pulsed laser annealing of ion-implanted semiconductors is a promising technique for microelectronics. However the mechanism responsible for annealing of a layer of a few thousands of Angstrijms of silicon under high irradiation levels are still controversory / 1 , 2 / . The most accepted explanation 1 2 1 is that the energy of the incident photons is converted into heat, producing thermal melting of the damaged layer followed by recrystallization. Van Vechten / 3 , 4 / , however proposed a non thermal mode and the formation,at high plasma density,of a condensed Bose state of Frenkel excitons. This model postulates that the absorbed light produces a dense (?.10~~cm-~), long lived plasma of electron-hole pairs. The purpose of this paper is to show that in presence of such a high density plasma, covalent semiconductors become unstable. We first compute the decrease of the melting temperature of silicon under laser irradiation, using the simple but general criterion of Lindemann 1 5 1 . We then show that at high plasma density, the silicon crystal becomes unstable and suggest that this effect may be the mechanism responsible for the melting of covalent semiconductors. We then estimate the maximum density that one achieves with pulsed laser irradiation to see if the reduction of melting temperature can be important in actual experiments.
-MELTING TEMPERATURE OF COVALENT SEMICONDUCTORS UNDER LASER IRRADIATION
Wautelet and Laude 1 6 1 were the first to suggest that the melting temperature Tm of covalent solids should decrease under laser irradiation, but they did not give any numerical estimate of this effect. We take the same point of view but we are able to give an explicit formula relating Tm to the density np of electron-hole pairs, using Lindemann's criterion for melting. The Lindemann melting formula is based upon the idea that a solid melts when the root-mean-square displacement of each atom from its equilibrium site will be a fraction x of the mean radius of a unit cell rc. x is in the range 0.2 to 0.25 for most solids. At high temperatures, when equiof energy applies, the mean-square amplitude of the vibration of each atom is given by /5/ where fi and k are Planck's and Boltzmann's constants, f.I the mass of the atoms and 6 theDebyetemperature of the crystal. The melting temperature is given by 
(1 where 6' = 8 1021cm-3 in silicon. Using this relation to compute the Debye formula in presence of electron-hole pairs, we find :
and for the melting temperature :
to obtain an observable effect, n should not be too small compared to 8 10~'cm-~
The preceding effect also exists at thermal equilibrium. The thermally created electron-hole pairs soften the lattice, this reduces the energy gap and creates more electron-hole pairs. It has been shown /9,10/ that this effect can become catastrophic at a critical temperature and leads to an instability of the crystal. This instability might be the mechanism for melting in covalent semiconductors. The electron-hole pair density at thermal equilibrium corresponds to a minimum of the total free energy F (plasma + phonons). This total free energy can be written :
Fatom,isthe contribution of the atomic structure at rest, Fplasma that of the electron-hole plasma and Fphonons that of the lattice vibrations modified by the plasma. Na is the number of atoms, N the number of electron-hole pairs, V the volume and T the temperature. The plasma density is n = NIV. The equilibrium condition reads :
where ! . I is the chemical potential of the pairs. The phonon contribution to the free energy has the form :
at high temperature where kT >> Mai. The index i denotes the various phonons branches. If we take, for simplicity, formula (1) to describe the variation of w; with n, we find a variation of the phonon free energy given by :
which will contribute to the electron-hole chemical potential, giving an additional term "a where na is the density of semiconductor atoms (for Si, na = 5 10~~cn1-~)and a' = ma.
If the Coulomb interaction between the charged carriers is neglected, which is justified at densities higher than 10'~cm-~ , the e-h pairs chemical potential (3) is :
where EGO is the band gap at O°K (1.17 eV for Si), p, and vh are the chemical potentials of a free electrons and holes gas at density n and temperature T. ye and uh are given by the following relations :
with F(y) = = 4 . 5 10" cm-3
, mz and mi being the electrons and holes effectives masses and g theirdegeneracies. e,h Fig.1 : Variation of the free energy F as a function of the e-h pairs density above and below the instability temperature T* At thermal equilibrium, the e-h pairs density adjusts itself such that the free energy is minimum, i.e. aF/aN = 0 = p. p is negative for low n as usual but also due to the softening of the T.A. phonons modes for n $ no/a ; so that, at low T, u = 0 for two densities as shown on Figure I . The lowest one, associated to a minimum of F, corresponds to the well known intrinsic carriers density with EG(T)=EGo -a k T
The second zero of u corresponds to a maximum of F and leads to an unstable state.
When T increases, this oscillation of F is smoothed and finally disappears above a certain temFerature T*, the equilibrium carrier density n(T) increasing up to n" such that At higher T, there is no longer a stable equilibrium density and the system undergoes a first order phase transition at T". This effect isdue to the decrease of the T.A. phonon frequency, an n* has to be a sizeable fraction of nola'. a' can be related to the variation of the gap via Eq.(5).
Measurements of the temperature variation EG(T)
have been made up to 400°K 1111 which is low compared to the Debye temperature of Si, 645°K. The fit of EG(T), made at low T, would give a 2. 6.5 for the linear term, but the linear regime is not yet reached at 400°K, and in the range 1500-1700°K, a could be modified by the expansion of the crystal. The electron and hole effective masses are also expected to vary with T, but they have not been measured at high temperature.
A solution for Eq. (6 ) is obtained for T* = 1700°K taking a'= 10.8 and the masses as for T = 0 or taking a'= 7, the masses having twice their values at T = 0 ; the equilibrium carriers density is found in all cases between 1 and 2 loz1 ~m -~, i.e. outside the classical limit, where equation (5) is valid (one has p/kT % I ) . For germanium, using the same procedure, we find T~ = 1210°K for a = 13.8. This gives n % 9 at melting. If the crystal is linked to an external e-h source, which can be a laser or an electron beam, the system is no longer isolated and the equilibrium density is different from the value given by p = 0. The external e-h source can be described as a reservoir with a chemical potential b~ext, the appropriate thermodynamic potential is now -F = F -Nuext. The new instability temperature, for a generation rate G is obtained when the corresponding density ~"(G,T) corresponds to the density nX(~) of the inflexion point of F (see Figure 1 ) .
As An = nX -n increases when T decreases, the instability temperature decreases when G increases as expected. One expects a sizable decrease of the melting temperature when the excess electron-hole pair density n injected by the laser is comparable to the preexisting plasma density at melting, that is of the order of 10~'crn-~. We compute that for An ?. 10~'cm-~, the decrease in the melting temperature is of the order of 400 K.
-DYNAMICS OF THE ELECTRON-HOLE PLASMA
To estimate the maximum plasma density obtained by laser illumination, we must study the dynamics of the plasma. The conservation of particles reads : + + + where v is the drift velocity of the pairs, jp = nv is the e-h pairs current, G is the generation rate produced by the laser and R the recombination rate. Let us examine these three contributions.
Generation
If Po is the incident light power per unit surface, the flux penetrating at depth z inside the crystal is, for normal incidence : The average plasma density is, if there is no recombination and no diffusion, n = 1.5 1 0~~c m -~. In the case of nanoseconds pulses, recombination is important and reduces strongly n. In the case of picosecond pulses, high values of n can be achieved but in that case non linear effects must be taken into account.
At high plasma densities, R and d are strongly modified by the dielectric response of the plasma. The dielectric constant of the semiconductor is given by :
where EIB is the contribution of interband transitions, EL the lattice dielectric constant, up the plasma frequency and Y the collision frequency of free carriers. The contribution of free carriers becomes Important when the plasma frequency up approaches the frequency of the incident laser light. The plasma frequency is given by w = 411ne2/eLm where m is the electron-hole reduced mass. At low density, the value of this mass is 0.12 mo 1121, the free electron mass, at higher densities, the effective mass of electrons increases. Miyao and a1 /13/ have measured the effective'mass of electrons mn in highly do ed semiconductors. They find no variation (i.e. m, = P 0.26 mo) up to n = 5 1020cm-, mn= 0.4mo for n = 10''cm-~ and mn=0.5 ma for n = 5 10''cm-~.
The plasma reduced mass is given by l/m = l/m + 3/mh, where mh is the hole effective mass, this gives m = 0.36 at n = p = 5 10"cm-. With these values of m, the variation of R and d with n is given on Figure 3 for an incident light with a wavelength 1 = 0.62 pm. This shows that when the plasma density reaches lo2', the penetration depth is reduced and the density increases catastrophically, giving rise probably to an instability and melting. An exact calculation of the propagation of light in this strongly non linear medium has not been done yet.
Recombination
The main recombination process at high densities is the Au er effect 1141. The recombination rate is given by R = cn3, with C = 4 i0-31cmiugs-1for silicon, at very high densities (n > 7 10~'cm-~), the recombination time rR defined by R = n/rR satures at 6 10-12s. For n = 1 0~~c m -~. this gives a recombination time TR of 0.25 10-'s. For nanosecond pulses, the densitv is limited by recombination. For a 10 ns pulse of 0.3 Joules, the steady state is reached and n is given by G = R which leads to n = 1 0~~c m -~. The influence on the melting temperature is very small AT/Tm is 1.5% and not observable experimentally. On the other hand, for picoseconds or subpicoseconds pulses, n can reach 7 1 0~~c m -~. The influence on the melting temperature should be important and observable 1151.
Expansion of the plasma
At high temperature, the main electron r.elaxation mechanism is the electron-phonon relaxation. This electron-phonon relaxation time re, is of the order of 10-13s justi fying an hydrodynamics approach to calculate the particle current. The hydrodynamics of an electron-hole plasma created by a laser pulse has been computed by M. Combescot 116-171. In addition to the particle conservation equation, one has to write the equation of conservation of momentum or Euler's equation :
In one dimension, the velocity v, the density n, and the pressure p vary only along Oz, the direction perpendicular to the surface of the sample. In genera1,the pressure p is a function of density n and temperature. The temperature T is given by a third equation : the equation of diffusion of heat. But a great simplification arises when the electron-hole plasma is degenerate : kT << ue, uh. In that case, the pressure does not depend on temperature and is given by p = -aE/aV, where E is the energy of the plasma and V the volume. E = N(3/5) (ve+uh) and V = N/n.
In the linear regime,anestimation of a steady state velocity can be made, neglecting the term in v(av/az). For a gradient of density of 10"cm-~ per 1.2 U, and T~ = 10-13s, we find a velocity of expansion of 5 104m/s. At very high gradients, ?he non linear terms become important and one obtains a shock wave 1161. This is perhaps the origin of very high interface velocities observed in subpicosecond experiments 1151.
Conclusion
We have shown that the presence of an electron-hole plasma can reduce the melting temperature of covalent semiconductors. For silicon, this reduction is of the order of 40 K for n = 1 0~~c m -~ and 400 K for n = 1 0~~c m -~. In laser annealing, the effect is very small for pulses of duration greater than 1 nanosecond, but should be observable in subpicoseconds experiments. A direct measurement of the lattice temperature in picosecond or subpicosecond experiments should bring new information on the mechanism of melting of covalent semiconductors.
